Effect of atmospheric turbulence on the aerodynamics of wind turbine blades:a review by Vita, Giulio et al.
 
 
University of Birmingham
Effect of atmospheric turbulence on the
aerodynamics of wind turbine blades
Vita, Giulio; Hemida, Hassan; Baniotopoulos, Charalampos
License:
None: All rights reserved
Document Version
Peer reviewed version
Citation for published version (Harvard):
Vita, G, Hemida, H & Baniotopoulos, C 2016, 'Effect of atmospheric turbulence on the aerodynamics of wind
turbine blades: a review', Paper presented at WINERCOST'16 1st International Winercost Conference, Ankara,
Turkey, 21/04/16 - 22/04/16.
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Checked for eligibility: 27/03/2019
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
 EFFEC
Univ
Birmin
As
tu
Th
sim
di
ha
ab
br
m
eff
its
tu
un
re
re
ya
is 
fu
Dy
ar
ne
m
Annua
power ca
nearly 15
have grow
171	m ro
in the low
lower vel
encounter
The atm
are detect
of wind 
mechanic
show a s
clusters, t
               
1 Early St
of Birmin
2 Senior 
Edgbasto
3 Professo
Universit
T OF ATM
Giulio Vita
ersity of Birm
gham, United
 Wind Turb
rbulence ma
erefore, the
ultaneous p
mensionality
bitually used
out the effec
oad subject 
echanism tha
ects on the f
elf vary stron
rbulence fou
steadiness, a
view of stat
search, highl
w angle. In p
given, for th
lfil this purp
namics ana
tificial inlet 
eded in orde
echanism and
l wind power
pacity in 200
% of share [1
n up consid
tor diameter 
est part of th
ocities. Henc
ed in classica
ospheric bo
able. This inc
energy for pr
al torque and
trong depend
heir inflow b
                     
age Research
gham, Edgba
Lecturer, D
n, Birmingham
r and Chair o
y of Birmingh
OSPHER
T
1 
ingham  
 Kingdom 
ines (WTs) 
y have a sig
 resulting 
resence of i
 or rotation
 in both desi
ts of turbule
of WT aer
t is recogniz
low pattern, 
gly with lev
nd within th
s many att
e-of-the-art 
ighting even
articular a c
eir variation
ose a quick 
lysis, is con
turbulent flo
r to provide
 the aerodyn
 installations 
0, to 11.8 GW
]. To withsta
erably, becom
and 8-7	MW 
e atmospheri
e WT aerodyn
l aeronautics 
undary layer 
ludes large fl
oducing elec
 then the me
ence on win
eing disturbed
                      
er and PhD S
ston, Birming
epartment of
 B15 2TT, U
f Sustainable
am, Edgbasto
IC TURBU
URBINE 
H
Unive
Birming
A
operate in 
nificant effe
flow pattern
nflow turbu
. Steady wi
gn and resea
nt inflow ex
odynamics i
ed as the lead
as separation
el of atmosph
e urban env
empts are c
research is t
tual role of p
ritical review
 strongly af
summary to 
venient, with
w field. It h
 thorough u
amics of the
INT
in the Europe
 in 2014, be
nd the challen
ing the bigg
power yield r
c boundary la
amics has de
[3]–[5].  
(ABL) is the 
uctuations in 
tricity involv
chanical torq
d velocity flu
 by the wake
tudent, Depar
ham, B15 2T
 Civil Engin
nited Kingdo
 Energy Syst
n, Birmingha
 1st In
1                
 
LENCE O
BLADES: 
 
assan Hemid
rsity of Birmi
ham, United K
 
BSTRAC
the atmosph
ct on their o
 varies, an
lence and ot
nd condition
rch. This pa
perienced by
s proposed, 
ing phenom
 point positi
eric turbule
ironment fu
urrently ma
hen given, i
ossible conc
 of the used
fects signific
the methodo
 special ref
as turned o
nderstanding
 wind turbin
 
RODUCT
an Union (EU
ing nowaday
ge of produc
est rotating m
espectively b
yer, they are
veloped into 
part of tropos
the velocity c
es two proce
ue into elect
ctuation. Fu
 of upcoming
tment of Civ
T, United Kin
eering, Scho
m / h.hemida
ems, Departm
m B15 2TT, 
ternational T
                     
N THE A
A REVIEW
a 2 
ngham 
ingdom 
T 
eric bound
verall aerod
d it becom
her issues, s
 is an off-
per aims to g
 WT blades
with partic
enon for the 
on, critical a
nce. A brief i
rther clarifi
de to enhan
n order to 
omitant issue
 turbulence 
ance of expe
logy, especia
erence to p
ut that a “b
 of the effec
e, to overcom
ION 
) have increa
s the fourth s
ing ever less 
achines oper
y Vestas and 
exposed to hi
an autonomou
phere where t
omponents, a
sses: the con
rical power.
rthermore, W
 WTs. This a
il Engineering
gdom / g.vita
ol of Engin
@bham.ac.uk
ent of Civil 
United Kingd
U1304 WIN
                     
ERODYNA
 
Charalam
Univers
Birmingh
ary layer, th
ynamic forc
es complex 
uch as unst
design condi
ive a review 
. A first intr
ular referen
comprehensi
ngle of attac
ntroduction 
es the major
ce Urban W
underline cu
s, such as ro
intensities an
riments and
lly to Comp
ossible ways
ack to basic
t of turbulen
e actual gap
sed steadily f
ource of pow
costing energ
ating on earth
Samsung [2])
ghly unsteady
s subject, sin
he effects of 
nd a shear str
version of flo
The performa
Ts are usual
rrangement m
, School of E
@bham.ac.uk
eering, Unive
 
Engineering, 
om / c.baniot
ERCOST Co
21-22 A
Ankara
     WINERC
MICS OF
pos Banioto
ity of Birmin
am, United K
e atmosphe
es distributi
to weight 
eadiness, thr
tion, but it
of the resear
oduction to t
ce to the st
on of turbule
k and the on
to the nature
 role of infl
ind Energy.
rrent limits 
tation or ro
d length sca
 simulation. 
utational Flu
 of generati
s” approach
ce on the st
s in research
rom 3.2 GW 
er production
y, wind turbi
’s surface (u
. Since they 
 inflow cond
ce many issu
the surface o
ess [6]. The h
w kinetic en
nce of both 
ly placed in 
akes the aero
ngineering, U
 
rsity of Bir
School of En
opoulos@bha
nference 
pril 2016 
, Turkey 
 
OST 2016 
 WIND 
poulos3
gham 
ingdom 
ric 
on. 
up 
ee 
 is 
ch 
he 
all 
nt 
set 
 of 
ow 
 A 
of 
tor 
les 
To 
id 
ng 
 is 
all 
.  
of overall 
, with its 
nes (WT) 
p to 164-
are placed 
itions and 
es are not 
f the earth 
arvesting 
ergy into 
processes 
arrays or 
dynamics 
niversity 
mingham, 
gineering, 
m.ac.uk 
 of WTs e
reference
character
Curren
steady da
discussed
distinguis
Figure
In orde
the comp
following
- Y
- T
t
- F
- R
- R
- R
- A
- A
w
i
These top
ven more co
 to WT typol
istics. 
Figure 1. Dis
tly, steady w
ta to be then
 later in mor
hed nor weig
 2. Flow patt
Turb
r to gain bet
lex and unste
 aspects have
awed flow, i
ower shadow
ower during r
low interfere
otational aug
oot, tip and 
oughness of
erofoil geom
tmospheric 
ind velocity
ntermittent w
ics represent 
mplex. Litera
ogy and the 
tribution of E
ind is the off-
 adapted for
e detail, cont
hted up, but it
ern over a WT
ine blade, an
ter understand
ady flow patte
 been highligh
.e. the azimut
, i.e. the dyn
otation; 
nces with ups
mentation; 
3D effects; 
 blades, in par
etry and blad
Boundary Lay
 distribution,
ind, such as g
current active
ture about W
position of th
uropean powe
design condit
 actual design
ribute to uns
 strongly affe
 blade, show
d the centrifug
ing of unstea
rn over WT b
ted in the pa
hal misalignm
amical pheno
tream WT’s w
ticular of the 
e planform; 
er properties
 the fluctuati
usts or extrem
 research in th
 1st In
2                
T arrays focu
e rotor [7], w
r production,
ion. Howeve
 purposes [8
teady wind i
cts the behav
ing the separa
al deviation 
diness of the
lades should
st research: 
ent between 
menon, whic
ake, i.e. part
leading edge
, such as win
ons in veloci
e events. 
e aerodynam
ternational T
                     
ses on the w
ithout taking
 in MW, by s
r, it is normal
]. In fact, nu
nflow. Howe
iour of a WT
tion area on t
of attached flo
 atmospheric
 be considere
the rotor axis
h occur on th
icular flow pa
, due to debris
d shear over 
ty, or rather 
ics of WTs [8
U1304 WIN
                     
ay the wake 
 directly into
ource in 2000
ly accepted b
merous phen
ver, their role
[9]. 
he suction (up
w due to rota
 wind on the 
d in further st
and the wind
e blades whe
tterns in align
 or insects or 
the rotor, i.e. 
turbulent inte
], [11], [12]. 
ERCOST Co
21-22 A
Ankara
     WINERC
can be mode
 consideratio
 and 2014 [1]
y designers to
omena, whic
 is neither c
 
per) side of a
tion. 
aerodynamic
udies. In part
 direction [10
n they get th
ed wind turb
micro-dents; 
the vertical g
nsity and len
nference 
pril 2016 
, Turkey 
 
OST 2016 
lled, with 
n the WT 
 
. 
 consider 
h will be 
ompletely 
 Wind 
s of WTs, 
icular, the 
]; 
rough the 
ines; 
radient of 
gth scale, 
 Unstea
control is
i.e. reliab
construct
free-strea
pitch con
difference
compensa
since asy
within the
for these 
Figure 3
Anothe
given site
wind spe
of a WT 
procedure
i.e. tower
significan
 
This p
blades. A
pertain to
A brief in
can be us
ongoing r
for furthe
As int
aerodyna
review of
atmosphe
are given
The lo
vertical e
atmosphe
ABL is fu
the ABL 
several k
[15]. By 
neutral co
1. Norm
2. Flat 
mediu
wind v
3. Flat 
low an
4. Flat 
high 
vel. 
5. Offsh
6. Moun
comp
dy phenomen
 the standard 
ility of the p
ion. For smal
m wind velo
trol, IPC. Thi
s in wind fl
tion of asym
mmetrical lo
 rotor area. I
machines to g
. Cost distrib
r issue that i
. The design 
ed sites remai
site, with its 
s [14]. It is a
 and foundati
t developmen
aper focuses o
n overview o
 the stall mec
troduction is 
ed in the inv
esearch withi
r investigatio
roduced, inf
mics of WT b
 the literatur
ric turbulence
 in this Sectio
west 1-2 km 
xchange of m
ric boundary 
lly turbulent
is stability. T
m in the dayt
neglecting th
nditions are 
al flat terrain 
terrain with 
m ann. 
el. 
terrain with 
n. wind vel. 
terrain with 
ann. wind 
ore 
tainous 
lex terrain 
a have also 
method in the
itch actuatio
l and medium
city. For larg
s way, the he
uctuations at
metrical load
ading is essen
t is thus belie
row further in
ution for WTs
s gaining gro
optimization c
n favourable 
turbulence ch
lso interestin
ons, and the r
ts. 
n the effects 
f the physic
hanism. A ge
also provided
estigation of 
n the Europea
ns or connect
low turbulen
lades. This p
e in the effec
 and secondl
n. 
layer of the tr
omentum, h
layer, ABL. 
, and its depth
he depth of t
ime (unstable
e effects of 
found. Neutr
a great impa
 control syste
n system and
 WTs, the pit
e WTs, more
avy differenc
 the top and 
ing, multiple 
tially domin
ved that bette
 size [13]. 
 referred to d
wing importa
an lead to an
in lowering e
aracteristics,
g that the larg
otor, showing
of inflow turb
al effects of 
neral review 
 to the experi
stall mechan
n project “A
ions with othe
O
ce normally 
articularly ap
ts of atmosph
y an introduct
oposphere co
eat and hum
This applies b
 becomes hig
he so-called 
 conditions) 
surface temp
al ABL repre
 1st In
3                
ct on the co
m of WTs. H
 higher cost
ch angle is m
 advanced sy
es in the load
the bottom 
measures of 
ated by the v
r understandin
ifferent wind 
nce and conc
 overall reduc
nergy costs. 
 is likely to b
er percentag
 that properl
ulence, with
inflow turbul
of literature o
mental and nu
ism under va
eolus4Future”
r topics. 
 
VERVIEW
found with
plies to their 
eric turbulen
ion on the re
nsists typical
idity between
oth to night 
hly depende
mixing depth
to few hundr
erature and h
sents the clas
ternational T
                     
ntrol strategie
owever, there
, but the latt
odified for th
stems are und
ing of the sin
of the rotor, 
local turbule
ariation of tu
g on the flow
climates. Rep
ern is the opt
tion of costs u
Therefore, pr
ecome the fu
e of the cost o
y assessment 
 special refere
ence is given
f stall mecha
merical meth
rying turbulen
 will conclud
 
in the ABL,
flow pattern b
ce on wind t
sulting physic
ly of highly tu
 the surface 
and daytime, 
nt on wind ch
, which is the
eds of meters
eat transfer 
sical wind as
U1304 WIN
                     
s. Nowadays
 are some dra
er is offset b
e blades altog
er developm
gle blades du
are weakene
nce statistical
rbulence inte
 pattern over
roduced with
imal choice o
p to 15%, tho
oper modellin
ture standard
f a WT is pr
of aerodynam
nce to the flo
 in the first 
nism is given
odologies, wh
t inflow. A b
e the discussi
 causes sign
ehaviour. Be
urbine blades
s of the flow 
rbulent flow
of earth and
and if the wi
aracteristics. 
 height of the
 during the n
within the A
sumptions. Fu
ERCOST Co
21-22 A
Ankara
     WINERC
 active full-s
wbacks in thi
y saving on 
ether, accord
ent, like the 
e to wind she
d [4]. To ac
 quantities ar
nsity and len
 WT blades i
 permission f
f a WT typo
ugh the choi
g of the actu
 in WTs farm
ovided by its
ic loading m
w pattern ov
Section, whic
 in the secon
ich have bee
rief descript
on, giving so
ificant effec
fore giving an
, firstly a de
pattern over 
. This is beca
 the lower p
nd velocity is
An importan
 ABL, may 
ight (stable c
BL, then the
ll-scale mea
Operations
Maintenan
nference 
pril 2016 
, Turkey 
 
OST 2016 
pan pitch 
s method, 
the blade 
ingly with 
individual 
ar and the 
hieve this 
e needed, 
gth scale 
s essential 
 
rom [14]. 
logy for a 
ce of high 
al climate 
s design 
 structure, 
ay lead to 
er the WT 
h namely 
d Section. 
n used, or 
ion of the 
me sparks 
ts in the 
 in-depth 
finition of 
the blades 
use of the 
art of the 
 high, the 
t issue for 
vary from 
onditions) 
 so-called 
surements 
 and 
ce 
 have conf
is then e
particular
WTs trad
operation
values of 
The at
hence we
Urban 
growth, a
be the pla
in UBL f
and the s
due to lo
UBL may
the UBL 
The m
heat stora
is recogn
Accordin
- t
- t
- t
- a
As exp
better und
street can
UBL are
componen
large WT
improved
particular
influence
could be 
circulatio
to case [2
the city c
clusters [
wakes wi
wind pow
typology 
number ࣬
effects [1
irmed that ne
nhanced for 
 the surface la
itionally have
 by night, giv
turbulent inte
mospheric tu
 refer to the e
Figure 4. Urb
environment 
n alternative 
cement of a W
eatures a part
o-called Urba
cal high temp
 be interprete
is usually hig
ain aspect of 
ge, that is en
isable, the so
g to recent stu
he urban cano
he wake laye
he constant fl
nd the Ekma
ectable UBL 
erstanding bo
yons and on t
 a higher w
t of wind sp
s simplified p
 approach is 
 features of t
d by building
placed. The
n and shear r
4], [25]. Furth
entre, which 
26]. This sug
thin the surro
er plants, or 
and wind pro
ࣻ is a valua
6]. 
utral conditio
most of the o
yer, SL, som
 to deal with
es also the P
nsity, TI, tog
rbulence ove
xisting literatu
an plume dow
represents a n
to the high co
T in an urba
icular meteor
n Heat Island
eratures due 
d as a sub-lay
her than that o
UBL regards 
hanced turbul
-called Urba
dies [19], [22
py layer, UC
r, 3 to 5 times
ux layer or in
n layer, where
wind and turb
th of the turb
op of building
ind shear, do
eed with heig
rofiles may b
needed, in or
he heat and h
s, which exp
 location of 
egions due to
ermore, the e
gives further
gests several 
unding enviro
also the impl
files. Also th
ble parameter
ns represent l
perating con
etimes consta
 the SL, but 
L a role. Thi
ether with a la
r flat terrains
re on the top
nwind a larg
ew interestin
sts in transpo
n area, or rath
ology. This o
. In effect a s
to heat sourc
er, called urb
f the ABL [1
large roughn
ence intensity
n Dome, whe
], the UBL ca
L, up to mean
 the mean bui
ertial sub-lay
 the wind dir
ulence have 
ulence within
 is still neede
ubled turbul
ht. However
e used, while
der to proper
umidity flux 
erience mass
such devices
 local bluff bo
ffects of the U
 hints regardi
possible stud
nment, espec
ementation o
e role of atm
 to be correl
 1st In
4                
ess than the 3
ditions of a 
nt-stress laye
the growth in
s yields an im
rge spectrum
, hills and se
ic [6]. 
e urban settle
g topic in AB
rtation of the
er within the
ccurs both fo
econdary circ
es and stagna
an plum, but 
8], [19]. 
ess elements, 
 and strong h
re a stable n
n be divided 
 top of buildi
lding height;
er, which is a
ection adapts 
different featu
 the UBL an
d for Urban W
ence intensit
 one must pa
 for Small W
ly evaluate th
[13], [23]. T
ive flow sepa
 in order to 
dy aerodyna
BL can be r
ng necessary
ies, such as t
ially suitable
f a database 
ospheric stab
ated with a r
ternational T
                     
0% of the tot
WT. The AB
r, for its prop
 dimensions
portant wind
 of turbulent l
a-surface has
ment and the
L studies. Sin
 energy from
 so-called Urb
r the addition
ulation of th
nt flow radia
this definition
sealed areas, 
eat fluxes. A
octurnal bou
into four laye
ngs; 
kin to the Pran
to the geostro
res compared
d a realistic re
ind Energy 
ies and a no
y careful atte
ind Turbines
e local effec
he wind flow
ration-reattac
maximize en
mics have an 
ecognized als
 studies for th
he modelling
 for coastal ci
of turbulence
ility is still 
eference WT
U1304 WIN
                     
al lifetime of 
L can be div
erties, and the
together with
 shear over t
ength scales, 
 been for a l
 vertical layer
ce urban sett
the primary s
an Boundary
al roughness
e wind toward
ted areas. Re
 is misleading
reduced perm
 greater depth
ndary layer i
rs:  
dtl layer; 
phic winds. 
 to those of f
presentation 
to take place.
cturnal incre
ntion to the a
placed in the
ts provided b
 in the sub-c
hment where
ergy is henc
extremely bro
o within seve
e siting of w
 of the wake 
ties with poss
data with res
to be fully de
’s response in
ERCOST Co
21-22 A
Ankara
     WINERC
a WT [16]. T
ided in sub-
 Prandtl layer
 stable cond
he rotor area
TLS [15]. 
ong time inv
s of the UBL
lements are in
ource to the 
 Layer, UBL
 provided by
s the city cen
ferred to the 
, because the
eability of su
 of the boun
s prevented [
lat terrains. H
of the flow fi
 Typical featu
ase of the f
ctual wind p
 urban canop
y isolated bu
anopy layer i
 eventually S
e not clear, 
ad variation 
ral km of dist
ind turbine a
of the impac
ible siting fo
pect to differ
fined. The R
 order to as
nference 
pril 2016 
, Turkey 
 
OST 2016 
urbulence 
layers, in 
, PL [17]. 
itions, i.e. 
 and high 
estigated, 
. 
 constant 
users may 
. The flow 
 buildings 
tre exists 
ABL, the 
 height of 
rface and 
dary layer 
20], [21]. 
owever, a 
eld within 
res of the 
luctuating 
rofile: for 
y layer an 
ildings or 
s strongly 
mall WT 
since the 
from case 
ance from 
rrays and 
t of urban 
r offshore 
ent urban 
ichardson 
sess these 
 
 Figure 5
Once t
from the 
the interf
aerodyna
wind spee
section o
moderate
far thicke
Energy [1
varies fro
length sc
condition
can be co
velocity b
der Hove
the skewn
 
The in
- T
- I
i
m
Before
flow patte
attack, ae
slowly, th
static stal
higher an
called err
If the a
stall. In a
attention 
turbines a
suction su
direction 
of their lo
used, for 
for WTs 
shadow. I
the incom
behaviou
with the 
occurs.  
. Characteris
“fat tai
he turbulent 
WT’s point o
ace between
mics: the uns
d and size of
f a blade, ha
 turbulence le
r wind aerofo
5]. The integ
m 0.001 m to
ale is compa
s can be cons
nsidered uns
ecomes inter
n, are not app
ess and exce
flow turbulen
riggering of 
ncrease of tr
ncreasing th
aximum lift
 giving a tho
rn over an ae
rofoils exper
e behaviour 
l angle. Usua
gles of attack
oneously deep
ngle of attac
eronautical l
in the last res
nd the result
rface of the 
of wind and a
wer power c
many reasons
in arrays and
t was argued
ing flow, ae
r. Though ma
aim of avoidi
tic spectrum o
ls” and non-G
wind has form
f view as an 
 the rotor an
teady separati
 the WT. Thi
s been condu
vels and have
ils varies fro
ral scale of tu
 almost 500 m
rable with t
idered steady
teady, becaus
mittent, whic
licable (fat ta
ss kurtosis sta
ce has two eff
laminar-to-tu
ansport of mo
e resistance 
 increases (Fi
rough review
rofoil is man
ience a broa
experiences a
lly, this goes 
 stall continue
 stall. 
k varies faste
iterature, it i
earch, since i
ing one. The 
aerofoil (dyna
erofoil are no
oefficient [32
: dynamic pit
 clusters), win
 that dynamic
rofoil geome
ny experimen
ng dynamic s
f wind speed
aussian distri
ed, it encou
inlet conditio
d the wind 
on-reattachm
s occurs beca
cted primaril
 high Reynol
m 5% of offs
rbulence has 
 [29], but a 
he chord-len
. If the length
e of the great
h yields that c
ils in the We
tistics, [27], [
ects on the W
rbulent transit
mentum betw
against adver
g. 7). 
 of the resear
datory. Presu
d range of ae
 sharp change
along a drop 
s developing
r, flow patter
s often called
t has been not
flow over dy
mic stall and
t coupled, de
]. It is also p
ching of aero
d shear and 
 stall only oc
try, frequency
ts have been 
tall optimizin
 1st In
5                
 fluctuation fo
bution. Repro
nters a wind 
n, i.e. unstea
field. WT b
ent flows und
use the resear
y for aeronau
ds numbers a
hore to 25%
also a major i
classification
gth, the clas
 scale is comp
 variation of 
lassical stati
ibull distribut
30]). 
T blade boun
ion of the bo
een the boun
se pressure 
ch on this to
ming to have 
rodynamic l
 in correspon
in lift coeffic
 until full stal
n over aerofo
 deep stall. 
iced importan
namically sta
 aft dynamic 
ep stall is alw
resent in HA
foils, yawed f
atmospheric t
curs after sta
 and amplitu
performed [33
g aerofoils’ s
ternational T
                     
und within th
duced with p
turbine, an is
dy turbulent i
lades experie
er a specific
ch on unstead
tical applicat
nd very thin a
on on-shore [
mpact on the 
 can be done 
sical statistic
arable to the
velocity direc
stics of wind,
ion of the win
dary layer [3
undary layer, 
dary layer re
gradient and 
pic, a clarific
uniform inflo
oading. If the
dence of a ce
ient, but it str
l is present. In
ils completely
Deep stall co
t discrepanci
lled WT blad
stall vortices,
ays present i
WT, but in a 
low (which is
urbulence, w
tic stall angle
de of pitchin
], they conce
hape, while i
U1304 WIN
                     
 
e atmospheri
ermission fro
olated one, o
nflow for the
nce an almo
Reynolds num
y flow over 
ions, which t
erofoils. The 
28], and even
overall aerod
if referred to 
al theory is 
 rotor diamete
tions, the so-
 as in the spe
d velocities, 
1]: 
which lowers
gion and the 
delaying sep
ation of the r
w, with the v
 angle of att
rtain angle of
ongly depend
 the literature
 changes as 
ndition has 
es in the expe
es presents a 
 denoted as D
n VAWTs, an
limited way, 
 a very comm
ind gusts and
. In addition t
g, provide a 
rn mainly hel
n WT blade a
ERCOST Co
21-22 A
Ankara
     WINERC
c boundary la
m [27]. 
r an in array.
 WT blades, 
st unexplored
ber, depend
aerofoils, i.e. 
end to avoid
turbulence le
 more for Ur
ynamic perfo
the chord-len
valid, and t
r, or bigger, 
called gusts. 
ctral gap foun
with significa
 resulting lift
undisturbed 
aration, whi
esearch field 
ariation of th
ack varies su
 attack, which
s on the geom
 full stall is s
it experience
been given a
cted durabilit
vortices patte
SV and ADS
d it is the m
even if pitch 
on operating
 extreme eve
o the charact
strong variat
icopters aero
erodynamics
nference 
pril 2016 
, Turkey 
 
OST 2016 
yer, with 
 This acts 
which are 
 field of 
ing on the 
the cross-
 high and 
vel on the 
ban Wind 
rmance. It 
gth. If the 
he inflow 
the inflow 
The wind 
d by Van 
nt role of 
; 
flow, thus 
ch means 
regarding 
e angle of 
fficiently 
 is called 
etry. For 
ometimes 
s dynamic 
 dramatic 
y of wind 
rn on the 
V). Since 
ain reason 
control is 
 condition 
nts, tower 
eristics of 
ion of its 
dynamics, 
 it always 
 Figure 6. E
1) ߙ ൑ ߙ௖௥ 
with separa
stall with 
dynamic pit
3a) Dynami
Classic
useful reg
for a num
separated
regions a
problems
assessmen
the time, 
and dynam
Stall is
affects W
The Dani
resulted i
tower and
in premat
pitch con
to improv
eliminatin
considera
controllin
Figure 8.
showing v
Static 
lifting the
point mov
edge. If s
The effec
maximum
2) 
3) 
1) 
volution of st
the flow is fu
tion point mo
separation p
ching differen
c stall Vortex
al aerodynam
arding the lim
ber of reason
-reattached fl
ll over the su
, i.e. streamli
t. WT blade
but for far m
ics is yet to 
 the main fe
T blade beha
sh Concept u
n higher load
 the drivetrai
ure failures a
trol systems, 
e performan
g the risk o
bly, the ongo
g systems and
 Massive sep
ariability of 
stall occurs w
 angle of atta
es towards t
talled, the bla
ts of stall ar
 while the d
all mechanism
lly attached; 
ving forward
oint on lead
t flow pattern
; 3b) Aft Dyn
ics refers to
itation of th
s. An addition
ows over not 
rfaces of the 
ned bodies, w
s under pitch
ore time is s
be fully mast
ature of the 
viour [36]. S
sed stall in o
ing on struct
n/generator c
nd unexpect
instead of stal
ce under stall
f furling at 
ing lack of c
 still short lif
arated flow ov
the effect of t
hen separati
ck, e.g. pitch
he leading ed
de yields also
e well known
rag coefficie
3a)
3b)
 with angle o
2) Trailing e
 with increas
ing edge. In
s are experie
amic Stall Vo
 the describe
e subject. As
al one is the 
streamlined, 
body. On the
ith mainly at
 control are in
eparated, exp
ered [4], [35].
flow to be th
tall effects ha
rder to limit t
ural elements
omplex exper
ed shutdowns
l control [3].
, e.g. the use
the higher w
omprehensio
e-cycle of the
er a bluff bod
urbulence wit
on of flow p
ing the blade
ge until the b
 a turbulent w
: the aerody
nt slightly in
 
 
 1st In
6                
f attack ߙ. 
dge separatio
ing ߙ; 3) Fu
 presence o
nced.  
rtex [9], [34]
d mechanism
 pointed out w
scope of the 
with a flow p
 other hand, c
tached flow w
-between: th
eriencing stat
 
oroughly und
ve been detec
he power coe
 and irregula
ienced high v
. The lack of
In any case, s
 of vortex ge
ind speeds 
n of stall on
 overall wind
y for smooth
h shape aspec
attern on the 
. A vortex fir
lade turns ful
ake, with su
namic lift co
creases stead
ternational T
                     
n 
ll 
f 
. 
Figure 7.
for steadi
attached; 
drop of 
leading ed
 as Stall Me
ind turbine 
subject. Bluff
attern that ex
lassical aero
ith a comple
e flow remai
ic or dynamic
erstood, as t
ted since the
fficient for th
r distribution
ibration rate a
 knowledge 
ome attempts
nerators to im
[8]. Even th
set and devel
 turbine syste
 flow (solid li
t ratio [31]. 
suction (upp
st detaches f
ly stalled, and
dden modific
efficient drop
ily [4], but th
U1304 WIN
                     
 Typical distr
ly varying ang
2) trailing ed
lift; 3) full 
ge separation
chanism. At 
aerodynamics
 body aerody
periences mo
dynamics was
tely different
ns attached fo
 stall, whose
hrough it, tur
 very first win
e highest wi
of torque. Fo
nd, hence, fa
has brought m
 are continuou
prove the ov
ough modern
opment is re
ms [12]. 
ne) and turbu
er) surface of
rom the trailin
 a vortex det
ation in the a
s, to then re
e angles of 
ERCOST Co
21-22 A
Ankara
     WINERC
 
ibution of Lif
le of attack ߙ
ge separation
stall develo
. 
this point, a 
 is quite a ne
namics studie
st circulation 
 bound to ae
 pattern and m
r a meaningf
 complex dev
bulent inflow
d energy app
nd speeds. H
r this reason
tigue. This ha
anufacturers
sly performe
erall perform
 WT have 
sponsible of 
lent flow (das
 the blade ta
g edge, the 
aches from th
erodynamic e
cover slowly 
attack and th
nference 
pril 2016 
, Turkey 
 
OST 2016 
t coefficient 
. 1) flow is 
 with steep 
pment with 
remark is 
w subject 
s massive 
and shear 
ronautical 
ethod of 
ul part of 
elopment 
 strongly 
lications. 
owever, it 
, both the 
s resulted 
 to prefer 
d in order 
ance and 
improved 
expensive 
 
hed line), 
kes place 
separation 
e leading 
fficiency. 
to a new 
e rates of 
 decrease/
aerodyna
- 
- 
- 
- 
- 
- 
- 
Stall m
weight in
utmost im
Stall a
aerodyna
turbines i
of the mo
Anothe
distributio
theory, B
strips of 
simplifyin
and accur
attack and
not comp
condition
in the res
we refer t
The ef
effects of
have been
backward
a good pr
intensity 
roughnes
of the sep
which are
have show
As intr
the need 
only used
Effects
First of 
parameter
that discr
Reynolds
general in
increase are 
mic features: 
Aerofoil ty
Pitch angle
rotation. Th
Angle of at
of flow, wh
Blade and l
Rotation of
Tip and roo
Unsteady in
echanism is y
 modifying p
portance, onc
nd its modif
mics. This su
n arrays and c
difications to
r issue must 
n for WTs. T
EM, which a
the rotor are
g the calcula
ate results, bu
 unsteady an
rise of varyin
s aerodynami
earch is notic
o [8]. 
fects of turbu
 free-stream 
 experimenta
 facing steps,
ototype for fi
having a stron
s [42]. This o
aration bubbl
 supposed to
n a multitud
oduced thoro
of getting reli
 design metho
Fi
 of inflow tur
all the inner 
s has been us
epancies of a
 parameter. T
crease in Li
extremely v
pology, i.e. th
 of blade, ߴ, 
is is the main
tack, ߙ, i.e. th
ich depends b
eading edge r
 blades, i.e. c
t region high
flow, i.e. inle
et to be fully
ower yield h
e geometry a
ications due 
bfield of stud
lusters occur
 the near wak
be raised, re
he overwhelm
ssesses the un
 independen
tions. 2D aero
t for WT aer
d 3D effects 
g inflow tur
c loading is h
eable [41]. It 
DISC
lence on the 
turbulence on
lly investigat
 forward faci
ne-tuning and
g correlation
ccurs because
e [43], [44]. T
 be applied in
e of occurring
ughly, turbul
able 2D aerof
dology [8].  
gure 9. Blunt
bulence on se
nature of ch
ed in research
erodynamic l
he first resul
ft and aerody
ariable from
e blade cross
i.e. the geom
 parameter re
e relative ang
asically on th
oughness; 
entrifugal and
ly three-dime
t turbulence 
 understood, i
as not yet bee
nd tip-speed r
to turbulence
ies has develo
ring in wind f
e of a WT. Fu
garding the p
ing majority
steady aerody
t one anothe
foil database
odynamics, th
are taken into
bulence, and 
igher and tur
is out of the s
USSION O
separation pr
 the separati
ed since 1980
ng steps, and 
 assessing mo
 with the reat
, as a rule, tu
hese simplif
 complex en
 phenomena, 
ence effects o
oil data, since
plate experim
paration flow
osen inlet tu
, depending 
oading may b
ts showed tha
namic perfor
 1st In
7                
 aerofoil-to-
-section, usua
etric inclinati
garding powe
le between th
e tip speed ra
 Coriolis effe
nsional behav
intensity and 
n particular th
n clarified [3
atio have bee
 have also a
ped in order 
arms. In part
rther referenc
rediction met
 of WTs are d
namic loadin
r, hence givi
s have been u
eir reliability
 account usin
its effect is u
bulence effec
cope of the pr
 
F STATE
operties of a 
on-reattachm
s. Turbulent 
blunt plates, 
re complex f
tachment leng
rbulence dela
ied studies ar
gineering pro
whose weigh
n WT aerofo
 nowadays, i
ent set, with 
 over aerofoi
rbulence is 
on wind tunn
e present, du
t turbulence 
mance [4]. L
ternational T
                     
aerofoil [37]
lly variable sp
on of the bla
r control syst
e chord line o
tio, ߣ; 
cts yielding r
iour; 
diverse length
e influence o
8]. Neverthe
n defined [39
n impact in 
to assess the 
icular, the sta
e may be fou
hods used fo
esigned follo
g over the bl
ng the possi
sed in aerona
 is at issue, si
g empirical r
sually neglec
ts are less evi
esent paper to
-OF-THE-
bluff body ar
ent flow for 
shear flows h
in a variety of
low behaviou
th, even com
ys the onset o
e very useful 
blems, such a
t is yet to be r
ils are being 
n spite of som
flow configur
ls have been 
questionable,
els’ setup. In 
e to different
intensity enh
ater it has b
U1304 WIN
                     
. In fact, st
an-wise; 
de-chord with
em; 
f aerofoil and
otational augm
 scales of turb
f above param
less inflow tu
]. 
the research 
effect of the w
ll mechanism
nd in [7], [40]
r assessing th
wing the Blad
ades, hypothe
bility to use 
utics since lo
nce they often
ules. Furtherm
ted, pointing
dent, but the 
 provide a re
ART 
e not a novel
both edged an
ave been inve
 different con
r. The results
pared with ot
f stall and dim
to evaluate m
s wind turbin
ated [9]. 
an enhanced 
e renewal att
ation, as in [4
a research top
 since a wid
fact, it has be
 wind tunnel
ances WT bla
ecome clear,
ERCOST Co
21-22 A
Ankara
     WINERC
all depends 
 respect to th
 the apparen
entation; 
ulence. 
eters and the
rbulence effe
on wind turb
ake of upstr
 is strongly re
. 
e actual unst
e Element M
sizing that th
2D aerofoil 
ng time, givin
 lack of high
ore such dat
 out that und
lack in the m
view of BEM
 topic of rese
d curved blu
stigated thoro
figurations. T
 agree upon t
her parameter
inishes the d
ethods and pr
e aerodynam
branch of res
empts, BEM 
 
5]. 
ic for a long 
e range of t
en immediate
s, at same ve
de property, 
 that this occ
nference 
pril 2016 
, Turkey 
 
OST 2016 
on many 
e plan of 
t direction 
ir relative 
cts are of 
ine wake 
eam wind 
sponsible 
eady load 
omentum 
e annular 
data and 
g reliable 
 angles of 
abases do 
er neutral 
ethod and 
, and then 
arch. The 
ff bodies 
ughly for 
hey offer 
urbulence 
s, such as 
imension 
ocedures, 
ics. They 
earch, for 
is still the 
time [46]. 
urbulence 
ly noticed 
locity and 
causing a 
urs since 
 turbulent 
gradient t
Other 
particular
other par
towards t
used for c
Variou
Reynolds
the first i
drag coef
higher lev
Figure
The an
thus it is u
An ins
Reynolds
understan
A mor
and the u
placed in
blades ex
Reynolds
point edg
The ro
delay stal
but its ph
effects of
Both H
the clue i
is at issu
wind spee
Usuall
strongly w
regards o
careful ab
variation 
parameter
attached 
the turbul
Numer
Neverthe
importanc
intensity rais
o be less effe
factors concu
 of the leadin
ameters is sti
o enhanceme
omparison w
s scales of t
 range). To g
nvestigations 
ficient. Also 
el of TI. 
 10. Lift coef
(
gle of attack,
sed as the re
ight over the 
 numbers. T
ding of the ef
e systematic w
nsteady prop
 clusters, WT
perience, as e
 number has 
e-wise.  
tational motio
l due to the c
ysical mecha
 rotational au
AWT and V
s given to the
e. Neverthele
d, while stru
y the increas
ith the typo
f the free-stre
out the defin
in results [53
s, but it is c
to the suction
ent length sca
ical simulatio
less, they rep
e of effects s
es the level o
ctive in trigge
rring with in
g edge of the
ll a hot topic
nt of lift in p
ith the observ
he WT blade
et further und
of the topic [
the laminar s
ficient variati
with compari
 ߙ, is the gov
ference in mo
properties of 
he delay of 
fective impor
ork is repres
erties of the 
s experience 
xpected, an i
a negligible e
n of blades a
ombined effe
nism is yet 
gmentation on
AWT have b
 power efficie
ss, the power
ctural issues a
e in lift caus
logy of aerof
am turbulenc
ition of the t
]. Reviewed 
ommonly ac
 surface for l
le is compara
ns are also un
resent a powe
uch as three-d
f energy of th
r separation, 
flow turbulen
blade) and th
 in research.
resence of ro
ed real-scale 
 and aspect 
erstanding of
46], [47] an i
eparation bub
on under vary
son) condition
erning param
re recent expe
an aerofoil w
stall is pres
tance of the t
ented by [50]
separation flo
a broad range
ncrease in lift
ffect. This oc
lso influences
ct of the Cori
under argum
 the overall a
een tested. Bu
ncy, to HAW
 coefficient d
re rather mor
ed by turbul
oil. A compr
e should also
ime-record), 
experiments 
cepted that t
onger times, 
ble with the c
der study, sh
rful tool for 
imensionality
 1st In
8                
e boundary la
causing the st
ce are: the R
e tip speed ra
 The shape o
ughness. He
flow regimes
ratios have b
 the problem,
ncrease of the
ble was affec
ing turbulent
. Reproduced
eter of the fl
riments.  
ith varying an
ent, but the
opic. 
, further deve
w over a pi
 of TIs and A
 due to turbu
curs because 
 stall. This is
olis forces sp
ent [52]. Nev
erodynamic l
t there are s
T the detailed
epends essen
e important. 
ent intensity 
ehensive eva
 consider th
but also of le
do not give a
urbulence int
hence enhanc
hord-length a
owing the co
the descriptio
 on the overa
ternational T
                     
yer, i.e. its th
all to delay an
eynolds num
tio. To weigh
f aerofoils a
re the ࣬Ղ nu
. 
een tested (r
 also flow vis
 lift coefficie
ted by incom
 intensity of in
 with permis
ow pattern an
gle of attack
 low level o
loped by [39]
tching aerofo
As, which ha
lence, though
of the oscilla
 called rotatio
an-wise and 
ertheless, if 
oading seem t
ome fundame
 assessment 
tially on the 
goes along a
luation of the
e role of not 
ngth scale an
 physical exp
ensity gives 
ing lift and o
nd turbulence
mplexity of s
n of stall mec
ll power perf
U1304 WIN
                     
ickness, causi
d the lift to ri
ber, the roug
t up the role o
nd the blade 
mbers, assess
atio thicknes
ualizations h
nt was notice
ing turbulenc
flow, for a) s
sion from [48
d the stall reg
 has been giv
f turbulence
, who respect
il. Being sub
ve to be care
 with higher l
tion of the po
nal augmenta
centrifugal pu
compared to 
o be negligib
ntal differenc
of the aerodyn
Reynolds nu
n increase o
 stall mechan
only the turb
d isotropy, w
lanation on t
the flow eno
verall aerody
 is isotropic [
olving the ups
hanism, sinc
ormance [32],
ERCOST Co
21-22 A
Ankara
     WINERC
ng an advers
se [4]. 
hness of the
f turbulence 
planform is 
ed experimen
s to chord-le
ave been perf
d, with no ris
e, as it disapp
tatic and b) d
]. 
ime of a WT
en by [49] fo
 did not giv
ively studied 
merged in th
fully weighte
evels of turbu
sition of the 
tion, and its e
mping edge-
inflow turbu
le [36]. 
es: while for
amic unstead
mber and on 
f drag, but t
ism developm
ulence intens
hich can lead
he actual rol
ugh energy 
namic perfor
41]. 
tream flow tu
e one can hig
 [54].  
nference 
pril 2016 
, Turkey 
 
OST 2016 
e pressure 
 blade (in 
and those 
optimized 
tally, are 
ngth, and 
ormed. In 
ing of the 
eared for 
 
ynamic 
 aerofoil, 
r different 
e further 
the steady 
e ABL or 
d up. The 
lence the 
separation 
ffect is to 
wise [51], 
lence, the 
a VAWT 
y loading 
the mean 
his varies 
ent with 
ity (being 
 to broad 
e of these 
to remain 
mance, if 
rbulence. 
hlight the 
 Figure 1
Only o
mechanis
A criti







An iss
statistical
strongly 
stationari
particular
[21]. 
Much 
WTs, sin
inflow co
turbulenc
are measu
aerodyna
arguable 
environm
This topic
investigat
response 
1. Influence o
ne work so 
m under vary
cal evaluation
 Role of t
(isotropy o
wind tunn
 Role of in
larger leng
 Study of 
length sca
 Study of r
i.e. the asy
 Study of c
varying in
having eff
 Study of 
aerofoil) in
 Compariso
in an attem
is missing
to predict
consider t
algorithms
ue was raised
 properties of
dependent on
ty hypothesis
 time record,
more research
ce it influenc
nditions, wh
e induced wa
red together 
mics has bee
that shortly 
ental impact e
 is having in
ion on turbu
under unstead
f the turbulen
of at
far, to the k
ing inflow co
 of presented 
urbulent isot
f turbulence 
els); 
termittent stat
th scales or g
turbulent effe
le which is co
educed frequ
nchronous re
oupling effec
flow conditio
ects on stall m
three-dimens
 order to asse
n between si
pt to validat
. It is not clea
 actual separ
he effect of 
). 
 about the p
 the turbulenc
 the chosen 
 applicability
 diverse turbu
 has been de
es the power
ich cause stro
ke modificati
with velocity
n brought tow
those metho
valuations [5
creasing popu
lent inflow s
y aerodynam
ce intensity o
tack. Reprodu
nowledge of 
nditions [48].
works sugges
ropy and co
is not a natur
istics of wind
usts; 
cts based on
mparable to c
ency and tip s
sponse of a st
t of rotation 
ns (it is nor
echanism, bu
ional effects 
ss precise po
mulation mod
e their applica
r, whether it i
ation points 
aero-elasticity
roper turbule
e and the tran
duration of r
 (spectral ga
lent structure
dicated to the
 coefficient i
ng meanderi
ons are conne
 deficit in the
ard a straigh
dologies may
6]. 
larity in the r
imulation, wi
ic loading [34
 1st In
9                
n the location
ced with perm
the authors, 
 
ts following w
mparison wit
al condition o
 on overall s
 their length 
hord length, w
peed ratio va
ructure under
effects and tu
mally accept
t a coupled e
and two-dim
wer output ef
els (many re
bility to spec
s necessary to
without lami
 of blades in
nt statistics t
sient respons
ecord, which
p of Van de
s exist, whic
 effects of fr
n WT arrays 
ng of wake 
ctable with s
 wake of WT
tforward dev
 be used fo
esearch comm
nd turbine b
].  
 
ternational T
                     
 of the separa
ission from 
has come up
eaknesses in
h actual atm
f wind flow, b
tructural relia
scales (usual
hile in the A
riation occurr
 intermittent l
rbulent inflow
ed for helico
valuation seem
ensional dat
ficiency and s
search are bas
ific problems
 model the w
nar-to-turbule
 the flow-fie
o be conside
e of the WT, 
 is often set 
r Hoven Sp
h play a role 
ee-stream tur
and clusters.
and, generally
tall mechanis
s [20]. Nevert
elopment, an
r actual site 
unity, and m
lade flow pat
U1304 WIN
                     
 
tion point as 
[48]. 
 with an as
 the research
ospheric tur
ut it is the on
nce and powe
ly wind tunn
BL usually bi
ing for fluctu
oading (fatigu
, i.e. rotation
pter to consid
s to miss); 
a (BEM the
tructural relia
ed on RANS
. For wind tu
hole turbine w
nt transition 
ld, with the 
red [55]. A c
whether pow
in 10-minute
ectrum) [16].
in the transie
bulence in the
 Few studies 
, its quicker
m detection, t
heless numer
d good resul
optimization
any research
tern under va
ERCOST Co
21-22 A
Ankara
     WINERC
a function of 
sessment of 
: 
bulence char
ly studied co
r efficiency, 
el experimen
gger scales ar
ation in wind
e issues); 
al augmentat
er the rotati
ory for the 
bility; 
 and turbulen
rbines, an ach
ith rotating m
models, or 
implementati
orrelation be
er yield or str
s time record
 However, w
nt response o
 aerodynami
focus on the
 decay [26]. 
hus aerodyna
ical modellin
ts are obtain
 of wind tu
 groups are p
rying inflow
nference 
pril 2016 
, Turkey 
 
OST 2016 
the angle 
deep stall 
acteristics 
ndition in 
i.e. due to 
ts present 
e found); 
 velocity, 
ion under 
on as not 
design of 
ce models 
ievement 
eshes, or 
further to 
on of FSI 
tween the 
uctural, is 
s, due to 
ithin this 
f the WT 
c wake of 
 turbulent 
However, 
mic loads 
g of wake 
able. It is 
rbine and 
erforming 
 and WT 
 To get
condition
actual dis
There 
simulatio
There 
placed in
of both w
alignmen
are used 
such as c
causes gu
axis orien
free-strea
60% of th
on their o
could be 
fluctuatin
needed, w
Wind t
for gettin
described
aerofoils,
results [5
are used, 
Furtherm
turbulent 
blade [54
A prom
CFD, sim
wake aero
intrinsic 
condition
gives an 
inlet velo
A smatter
a smatteri
First, o
to make a
some par
be easily 
Concer
- 
- 
The re
simulatio
condition
inlet cond
mesh in 
internal m
solution i
condition
The sy
the statis
disadvant
random s
free rand
laminar i
 further insig
s, it is useful
tribution of p
are essential
n. 
are several a
 a real wind f
ind speed a
t, aerofoil per
in such tests. 
utting off and
sts. Small W
tation, with 
m turbulence
e service life
wn extremely
the use of th
g component
hich take into
unnel testing 
g further ins
 experiments
 with or witho
8]. Though it 
which produc
ore a signifi
length scales
].  
ising method
ulation of th
dynamics, th
difficulty in m
s can signific
inlet definitio
city. Atmosph
ing introduct
ng introducti
ne should dec
 laminar inpu
ticular geome
modelled. 
ning turbulen
recycle/res
synthetic ap
cycle-rescale
n or an aux
s, PBC, pre-c
ition, and it 
order to deve
apping consi
s the most ev
. 
nthetic appro
tical properti
ages of the re
ignal is gene
om turbulenc
nflow and de
ht in assessin
 to provide a
ressure. 
ly three tech
ttempts in th
arm, or built 
nd energy o
formance and
The impact o
 furling effe
Ts usually ex
reduction of 
. Nevertheles
 [16]. This gi
 variable dist
e Richardson
 of wind with
 account the 
has been, and
ight on bluff
 focus on ass
ut concurren
is necessary t
e homogeneo
cant effort h
, which perh
 for getting i
e problem. W
ere are only f
odelling lik
antly affect th
n, for turbule
eric turbulen
ion of this im
on of this subj
ide whether m
t become ful
try that prese
t inflow mod
cale method 
proach 
 method prov
iliary simula
omputed met
is very useful
lop desired le
sts of the coll
olved, but it 
ach is a more
es, which ar
cycling meth
rated. Severa
e generation 
caying very 
MET
g the variati
 brief panora
niques: full-s
e literature to
for this purpo
utput, the re
 furling limit
f turbulence 
cts. This occu
perience inte
power genera
s turbulent w
ves that turbu
ribution, whic
 number, ࣬ࣻ,
 dynamic loa
highly interm
 still remains
 aerodynami
essing the ef
t phenomena.
o reproduce a
us isotropic t
as been put 
aps have far 
nsight in the a
hile CFD ha
ew applicatio
ely boundary
e reliability o
nt inflow, it i
ce modelling 
portant aspec
ect in ongoin
odel the infl
ly turbulent. T
nts turbulenc
els, two categ
ides an inlet
tion. Three m
hod and inte
 for a repeate
vel of turbul
ection of flow
introduces an
 refined meth
e imposed to
ods, the introd
l recent studi
is equivalent 
rapidly [54].
 1st In
10                
HODOLO
on of the aer
ma of the me
cale measur
 get valuable
se [53]. In pa
sults are diff
, which is a m
on power out
rs because fr
rmittent furlin
tion, which 
ind occurs un
lent structure
h needs to tak
 definition, in
ding. Improv
ittent nature o
, the fundame
cs issues. W
fects of inflo
 However the
ctual site con
urbulence tha
over turbulen
more importa
ctual aerodyn
s been repres
ns concernin
 conditions, 
f results. Wh
s necessary to
strongly depe
t of CFD simu
g developmen
ow instead of
he costs of t
e depending 
ories exist: 
 from compu
ethods are 
rnal mapping
d geometry. 
ence to then 
 data from a 
 error that c
od that is ba
 the actual 
uction of per
es focus on th
to a white no
 A coherent 
ternational T
                     
GY 
odynamics o
thodologies, 
ements, expe
 results from
rticular, even
icult to gene
ajor issue esp
put may beco
ee-stream tur
g with conse
are difficult t
der non-neu
s may need s
e into accoun
 order to ge
ed description
f wind [57]. 
ntal investiga
T aerodynam
w turbulence
 way inflow t
ditions, usua
t rather poorl
ce intensity 
nt effects on
amics of WT
enting a very
g inflow turbu
such as body
ile for a lamin
 describe som
nds on the pr
lation of turb
t. 
 develop it w
his developin
strictly on so
ted data from
comprised in
 method. The
The precompu
be applied a
point downw
an be control
sed on the ca
computationa
iodicity of flu
is method, p
ise, hence ha
structure of 
U1304 WIN
                     
f a WT blad
which have b
rimental testi
 a full-scale 
 with high re
ralize. Turbu
ecially for sm
me less consi
bulence at hi
quently signi
o relate direc
tral atmosphe
pecific statist
t of stability 
t an insight in
 of atmosphe
tion mean us
ics is not an
 over whole 
urbulence is c
lly turbulence
y represents a
modelling, w
the aerodyna
s is Computa
 important b
lence. This is
 forces. In ae
ar inflow def
ehow the flu
oper definitio
ulent inflow 
ith adding suf
g distance are
me disturbanc
 a specific 
 this catego
 PBC method
ted method u
s inlet in the 
ards to be app
led by imposi
lculation of a
l domain. Th
ctuation and 
ointing out th
ving no tangi
the flow is n
ERCOST Co
21-22 A
Ankara
     WINERC
e under diver
een used to 
ng and com
wind turbine
solution mea
lent gusts af
all WT, whi
stent than oth
gh speed, ne
ficant huntin
tly with win
ric condition
ics of wind, d
effects. A pos
 the correlat
ric turbulenc
ed in wind en
 exception, 
WTs or WT 
reated, strong
 passive or ac
tmospheric c
ithout takin
mic response
tional Fluid-D
ranch in the 
 mainly beca
rodynamics, 
ining a veloc
ctuating com
n of inflow tu
is given, in or
ficient upstre
 impractical, 
e elements, w
region down
ry: periodic 
 re-uses outl
ses an extern
actual simula
lied as inlet. 
ng the diverg
rtificial fluctu
ey are free 
overall error, 
at a physica
ble differenc
ecessary, an
nference 
pril 2016 
, Turkey 
 
OST 2016 
se inflow 
assess the 
putational 
, whether 
surements 
fect wind 
ch usually 
er issues, 
ar cut-off, 
g and off-
d velocity 
s for over 
epending 
sible way 
ion of the 
e is hence 
gineering 
and many 
blades or 
ly affects 
tive grids 
onditions. 
g care of 
 of a WT 
ynamics, 
subject of 
use of the 
boundary 
ity profile 
ponent of 
rbulence. 
der to get 
am region 
excepting 
hich can 
wards the 
boundary 
et data as 
al further 
tion. The 
The latter 
ence-free 
ations on 
from the 
because a 
l meaning 
e with the 
d the last 
 proposed 
spectral m
Once t
the effect
- 
- 
- 
- 
Since 
options, 
accurate, 
Figure
three dom
with dis
A furth
found tha
as aerofo
Reynolds
can argue
levels of 
further re
triggers tr
mechanis
transition
For the
can be fou
To fur
are invest
this litera
regarding
Within
exploitati
method focu
ethod and th
he boundary 
s on the aerof
URANS. B
computing 
heavily im
even introd
often uncle
LES. The 
through fil
bigger com
that specifi
DES. It is a
in the separ
of turbulen
introduce la
DNS. All 
computatio
numerically
the number 
being aware 
results. 
 12. Log-log d
ains: 1. Larg
sipation into 
er aspect, wh
t it can extrem
il experience
 number and 
 this does not
additional rou
search on the
ansition to tu
m, than tran
 assumptions,
 actual state 
nd in [62], [6
ther enhance 
ing for resear
ture review h
 the evaluatio
 the project “
on of the urb
s on its mode
e algebraic m
conditions ar
oil boundary 
y averaging 
the eddy vis
plemented in
ucing more a
ar [59]. 
largest energy
tering of the 
puting resour
c CFD proble
 hybrid of RA
ated regions 
ce, but it is a
minar-to-turb
range of w
nal demand. 
 the N-S equ
of length sca
of hypothese
iagram of the
est eddies, wh
heat. CFD me
ich may be o
ely influence
. The transitio
the transitiona
 apply to WT
ghness (com
 presence of a
rbulent boun
sition. Never
 but sometim
of the art of t
3]. 
the performa
ch, in order t
as given som
n of the opera
AEOULUS4
an environme
lling. To imp
ethod. 
e set, one mu
layer and its w
the Navier-St
cosity, hence
 all aerodyna
ccurate turbu
 carrying sca
Navier-Stoke
ces, without h
m. 
NS and LES
for the largest
 cheaper alte
ulent transiti
ave number
Only few app
ations. 
les involved 
s and risks, 
 Energy spec
ere energy is
thodology, i.
turbulent 
f fundamenta
 results on a 
nal models a
l length facto
s. In fact, they
ing up from d
n effective la
dary layer, su
theless comp
es an indicatio
he computatio
ONGO
nce of wind e
o lower CO2
e cause for re
ting conditio
FUTURE” th
nt to harvest
 1st In
11                
ose spatial an
st argue whic
ake. A very 
okes equatio
 solving only
mics applicat
lence model
les are fully 
s. It has beco
aving the con
, which cons
 scales. This 
rnative to mo
on models. 
 is solved, 
lications are 
is Reynolds 
to save com
trum ܧሺ݇ሻ of
 introduced in
e. URANS, L
length scales,
l importance
boundary laye
re based upo
r. This subjec
 are placed in
ebris or insec
minar bound
ggesting its e
utations and 
n is missing 
nal means, w
 
ING RESE
nergy harves
emissions by 
flection on th
ns of a WT in
e Work Pack
 wind energy
ternational T
                     
d temporal c
h simulation 
quick introdu
ns is it only p
 the largest t
ions, for its 
s, a validation
resolved, wh
me recently 
cern of the r
ists of runnin
model has sho
st expensive 
giving as d
effective, but 
number dep
putational ef
 turbulent len
 the flow; 2. 
ES and DNS,
 is shown. 
, is the lamina
r with detach
n the finding
t represents a
 the countrys
ts [60]) over 
ary layer is p
ffect may be 
experiments 
[61].  
hich have sh
ARCH  
ting, the Eur
20% by 2020
e topic of th
 order to max
age 5 aims to
. Hence a cri
U1304 WIN
                     
orrelation tw
method is su
ction to actua
ossible to m
urbulent scal
computationa
 is always n
ile the smalle
more popular
eliability of th
g RANS in b
wn issues reg
LES and pro
rawback the
it is consider
endant, one m
fort in order 
 
gth waves, ݇, 
Inertial subran
 as referred to
r-to-turbulen
ment and reat
of the critica
n ongoing res
ide, and their 
the leading e
ossible. In ad
of greater imp
must be in 
own good res
opean Union 
 (Horizon 20
e actual inlet 
imize its dura
 determine th
tical evaluatio
ERCOST Co
21-22 A
Ankara
     WINERC
o approaches
itable in dete
l state-of-art i
odel the turb
es. So far, it
l cheapness. 
eeded since r
st scales are
, due to avai
e turbulence 
oundary layer
arding the qu
vides the pos
 extremely 
ed reliable, a
ay consider
to get optim
with indicatio
ge; 3. Smalle
 solved and m
t transition. I
tachment of f
l momentum
earch field, e
blades experi
dge, which ca
dition, turbul
ortance rega
concordance 
ults, a thorou
and the mem
20 ITNs). In 
flow, which i
bility.  
e possibility 
n of the flow
nference 
pril 2016 
, Turkey 
 
OST 2016 
 exist: the 
cting both 
s given: 
ulence by 
 has been 
However, 
esults are 
modelled 
lability of 
model for 
 and LES 
ick decay 
sibility to 
expensive 
s it solves 
 different 
ized, but 
n of its 
st eddies, 
odelled 
t has been 
low, such 
 thickness 
ven if one 
ence high 
n suggest 
ent inflow 
rding stall 
regarding 
gh review 
ber states 
particular, 
s sensible 
of further 
 in urban 
 environm
WT blade
A firs
performe
varying l
experime
A seco
the urban
turbulenc
The m
final purp
enables th
Once a
have been
limit stat
coast off-
wider ran
From t
effective 
of stall m
difficult. 
essentiall
important
effective 
but not li
coupled e
of lamina
structure 
length sc
Actually,
enhanced
Th
“Horizon
“AEOLU
643167), 
[1] “E
[2] A
[3] E
2
[4] T
S
[5] R
B
[6] R
[7] L
v
[8] M
E
[9] J.
ent together 
s is useful fo
t assessment 
d for a simple
ength of reatt
nt on a WT ae
nd step woul
 environmen
e, which caus
ethodology w
ose is to add 
e extensive u
n evaluation
 evaluated, a
e or aeroelast
shore applica
ge of turbulen
he critical rev
weight of turb
echanism, as 
The lack of k
y on the Wi
, yet their eff
role of the tu
mit to, the ro
ffects of inflo
r-to-turbulent
interaction fo
ales effects m
 the extrapola
 in diffused d
e authors ack
 2020”, t
S4FUTURE 
to the present
WEA Annua
vailable: http
. Hau, Wind t
013. 
. Burton, D. 
ons, Ltd, 201
. Gasch and J
erlin, Heidelb
. B. Stull, An 
. J. Vermeer, 
ol. 39, no. 6–7
. O. L. Hans
ng., vol. 133,
 G. Leishman
with the syste
r the achievem
of the devi
 model, such 
achment and 
rofoil [41]. 
d be the a tho
t or near co
es high turbu
ithin this pro
a contribution
se of numeric
 of the nature
n application
ic issues repr
tions (which
t structures) 
iew of literatu
ulent inflow,
numerous iss
nowledge reg
nd Turbine B
ective role ha
rbulent length
le of turbulen
w and rotatio
 transition up
r large WT s
ay lead to in
tion of aerof
esign method
nowledge w
hrough the 
- Efficient har
 research proj
l Statistics 20
://www.windp
urbines: Fun
Sharpe, N. Je
1. 
. Twele, Wind
erg: Springer
Introduction 
J. N. Sørens
, pp. 467–51
en and H. Aa
 no. 11, p. 114
, “Challenge
matic assess
ent of introd
ation of theo
as a blunt pla
to fine-tune t
rough experim
astal areas, w
lent intensitie
ject will be b
 to the growi
al simulation
 of turbulenc
 of a model w
esent some u
 experiences 
and to urban e
CONCLU
re, a “back to
 for a given c
ues affect ful
arding the act
lade Aerody
s to be under
 scale of tur
ce isotropy, 
n or the thre
on the overall
tructures, has
teresting brea
oil data with 
s, such as BEM
ACKNO
ith thanks the
Marie Sk
vesting of the
ect. 
RE
14.” Availabl
owermonthly
damentals, te
nkins, and E.
 Power Plant
-Verlag, 2012
to Boundary L
en, and A. Cr
0, 2003. 
gaard Madse
001, 2011. 
s in Modelin
 1st In
12                
ment of effec
uced aim. 
retical behav
te under vary
he computati
ental evalua
ith special 
s or intermitte
ased both on
ng field of C
s to be valida
e and its effe
ind speed tim
ncertainties. 
lower turbule
nvironment (
 
DING RE
 basics” appr
onfiguration.
l-scale measu
ual prediction
namics. The
stood [7], [64
bulence on th
the statistical
e-dimensiona
 aerodynamic
 to be carefu
kthroughs in 
the effective 
 application
 
WLEDGE
 support of t
łodowska-Cu
 wind energy
 
FERENC
e: http://www
.com/. 
chnologies, a
 Bossanyi, W
s: Fundamen
. 
ayer Meteor
espo, “Wind 
n, “Review P
g the Unstead
ternational T
                     
ts of higher 
iour under d
ing inflow con
onal instrume
tion of the tur
reference to 
nt wind.  
 Computation
omputational 
ted with simp
cts for the a
e-history co
In particular 
nt intensity a
greater turbul
MARKS
oach seems a
 It also helps 
rements, mak
 of power yi
 role of infl
]. An interest
e flow patter
 representatio
lity of blade 
s (usually avo
lly evaluated.
the implemen
role of concu
s.  
MENTS 
he European 
rie Innova
” (H2020-MS
ES 
.ewea.org/. 
pplication, ec
ind Energy H
tals, Design, 
ology, vol. 13
turbine wake
aper on Win
y Aerodynam
U1304 WIN
                     
turbulence an
ifferent inflo
ditions [44], 
nt, to then be
bulence chara
the integral 
al and exper
Wind Engine
le experiment
erodynamics 
uld be useful 
this can be a
nd higher ve
ence intensity
n appropriate
to understand
ing statement
eld and struct
ow turbulenc
ing gap in res
n over WT bl
n of intermit
[7], [60], [64]
ided due to r
 Gaining furth
tation of CFD
rring unstead
Commission
tive Trainin
CA-ITN-201
onomics, 3rd
andbook. Ne
Construction 
. 1988. 
 aerodynamic
d Turbine Ae
ics of Wind 
ERCOST Co
21-22 A
Ankara
     WINERC
d intermitten
w condition
in order to m
 applied to a
cteristics fou
length scale 
imental mean
ering, which 
s [8], [55].  
of a WT turb
to assess if t
pplied both t
locity, giving
 and lower ve
 technique to 
 the physical 
 of conclusiv
ural behaviou
e parameters
earch to be fi
ades. Other i
tent wind ve
. In addition,
oughness), or
er insight of
 in the desig
y phenomen
’s Framework
g Network
4: Grant agre
 ed. Berlin H
w York: John
and Operatio
s,” Prog. Ae
rodynamics,”
Turbines,” 2
nference 
pril 2016 
, Turkey 
 
OST 2016 
t wind on 
s will be 
easure the 
n existing 
nd within 
of inflow 
s, but the 
nowadays 
ine blade 
he fatigue 
o near-to-
 rise to a 
locities). 
assess the 
behaviour 
e remarks 
r depends 
 becomes 
lled is the 
ssues are, 
locity, the 
the effect 
 the fluid-
 turbulent 
n of WT. 
a, may be 
 Program 
s (ITN) 
ement no. 
eidelberg, 
 Wiley & 
n, 2nd ed. 
rosp. Sci., 
 J. Fluids 
1st ASME 
 W
[10] J.
2
[11] H
[12] F
B
2
[13] C
W
[14] P
“
[15] S
H
[16] M
In
[17] H
ap
[18] B
1
[19] M
2
[20] M
2
[21] J.
A
[22] M
T
en
7
[23] S
B
[24] H
ro
H
[25] H
ex
en
[26] M
sa
[27] T
lo
[28] I.
m
[29] J.
“
n
[30] J.
to
[31] E
N
[32] K
st
[33] J.
P
[34] M
H
[35] G
[36] C
b
1
[37] W
ind Energy Sy
 Morote, “An
015. 
. Snel, “Revi
. Rasmussen, 
ak, and A. M
28, 2003. 
. C. Baniotop
ind Energy S
. Fuglsang, C
Site-specific D
. Emeis, Wi
eidelberg: Sp
. M. Hand, N
flow Structur
. A. Panofsk
plications. W
. W. Atkinson
09, no. 3, pp. 
. Roth, “Rev
000. 
. Kanda, “Pr
007. 
 Hidalgo, V. M
nn. N. Y. Acad
. Piringer, S
ombrou, D. M
ergy balance
15,” Boundar
. Miao, P. Li
eijing,” Adv. A
. Hemida, A.
of of high-r
arvesting,” 2
. Hemida, A
traction; wi
gineering. 
. B. Christia
tellite SAR,”
. Mücke, D. 
ads on wind 
 Antoniou, D
easurements 
 C. Kaimal, J
Turbulence St
o. 11. pp. 215
 Gottschall an
 turbulent dy
. Simiu and R
ew York, 198
. M. Almoha
raight blade v
 G. Leishman
ress, 2000. 
. Hölling, J
eidelberg: Sp
. Buresti, Ele
. Sicot, P. D
lade. Investig
331, 2008. 
. A. Timmer,
mp. 40th AIA
gle of attack 
ew of aerodyn
M. H. Hanse
. Hansen, “Pr
oulos, C. Bo
tructures,” Sp
. Bak, J. G. Sc
esign Optim
nd Energy M
ringer-Verlag
. D. Kelley,
es,” in 4th AS
y and J. A
iley-Interscie
, “Numerica
285–310, 200
iew of atmosp
ogress in Urb
asson, A. B
. Sci., vol. 11
. Joffre, A. B
iddleton, K. 
 and the mixi
y-Layer Mete
, and X. Wan
tmos. Sci., v
 Šarkic, S. G
ise building,
014, pp. p.25
. Šarkic, and
nd tunnel an
nsen and C.
 Remote Sens
Kleinhans, an
turbines,” Win
. Asimakopou
on top of a st
. C. Wyngaa
ructure in the
2–2169, 1976
d J. Peinke, 
namics,” J. P
. H. Scanlan
6. 
mmadi, D. B
ertical axis w
, Principles o
. Peinke, and
ringer-Verlag
ments of Flui
evinant, S. L
ation of the s
 “Aerodynam
A Aerosp. Sc
distribution o
amics for win
n, K. Thomse
esent status of
rri, and T. St
ringer-Verlag
hepers, B. Bu
ization of Win
eteorology. 
, 2013. 
 and M. J. B
ME/JSME Jo
. Dutton, Atm
nce, 1984. 
l modelling o
3. 
heric turbule
an Meteorolo
aklanov, G. P
46, no. 2008,
aklanov, A. C
Baumann-Sta
ng height in u
orol., vol. 124
g, “Building 
ol. 26, no. 6, p
illmeier, and 
” in WINER
–34. 
 R. Höffer, 
d numerical 
 B. Hasager, 
. Environ., vo
d J. Peinke, 
d Energy, vo
los, A. Frago
eep hill,” J. W
rd, D. A. Hau
 Convective B
. 
“Stochastic m
hys. Conf. Ser
, Wind Effec
. Ingham, L
ind turbine,” 
f Helicopter 
 S. Ivanell, 
, 2014. 
d Dynamics. L
oyer, and J. H
tall mechanis
ic characteris
 1st In
13                
i. Meet., pp. 1
n wind turbin
d turbines,” 
n, T. J. Larse
 aeroelasticit
athopoulos, “
, vol. 531. Sp
lder, T. T. Co
d Turbines,”
Atmospheric 
alas, “Identif
int Fluids En
ospheric tu
f urban heat-
nce over citie
gy :A Review
igeon, and L.
 pp. 354–374
hristen, M. D
nzer, A. Dand
rban areas -
, no. 1, pp. 3
morphologic
p. 1115–112
R. Höffer, “E
COST Works
“Interference
investigation
“Wake effec
l. 98, no. 2–3
“Atmospheri
l. 14, no. 2, p
ulis, A. Kotro
ind Eng. Ind.
gen, O. R. C
oundary Lay
odelling of a
., vol. 75, no.
ts on Structur
. Ma, and M
J. Fluids Stru
Aerodynamic
Eds., Wind 
ondon: Impe
ureau, “Rot
ms,” J. Wind
tics of wind 
ternational T
                     
–28, 2002. 
es in yawed 
Wind Energy,
n, F. Bertagn
y of wind turb
Environment
ringer-Verlag
ckerill, P. Cla
 Wind Energy
Physics for
ication of Wi
gineering Co
rbulence: mo
island intensi
s,” Q. J. R. M
,” J. Meteorol
 Gimeno, “A
, 2008. 
eserti, K. D
ou, A. Karpp
Activities and
–24, 2007. 
al characteris
4, 2009. 
xperimental i
hop “Trends
 effect of h
s,” in 14th 
ts of large o
, pp. 251–268
c turbulence 
p. 301–316, 2
naros, D. P. L
 Aerodyn., vo
oté, Y. Izumi
er,” Journal 
 wind turbine
 1, p. 012045,
es: An Introd
. Pourkashan
ct., vol. 57, p
s, 2nd ed. Cam
Energy - Imp
rial College P
ational and tu
 Eng. Ind. Ae
turbine blade
U1304 WIN
                     
flow,” Wind E
vol. 6, no. 3, 
olio, J. Johan
ines,” Wind E
al Wind Engi
, Wien, p. 35
iden,  a. Oles
, vol. 5, no. 4,
 Wind Powe
nd Turbine R
nference, 200
dels and me
ty,” Boundary
eteorol. Soc.,
. Soc. Japan, 
dvances in urb
e Ridder, S. E
inen, and J. B
 recommend
tics and their
nvestigation o
and Challen
igh-rise build
Internationa
ffshore wind 
, 2005. 
and its influe
011. 
alas, and I. P
l. 39, pp. 343–
, S. J. Caugh
of the Atmosp
’s power outp
 2007. 
uction to Win
ian, “Modeli
p. 144–158, 2
bridge, UK:
act of Turbu
ress, 2012. 
rbulence effe
rodyn., vol. 
airfoils at hig
ERCOST Co
21-22 A
Ankara
     WINERC
nergy, p. n/a
pp. 203–211,
sen, H. A. M
nergy, vol. 6
neering and 
2, 2011. 
en, and R. va
 pp. 261–279
r Generation
esponse to T
3, no. June 6–
thods for en
-Layer Mete
 vol. 126, pp.
vol. 85B, pp.
an climate m
meis, P. Me
urzynski, “T
ations of COS
 effect on th
f wind flow 
ges for Win
ings for win
l conference 
farms identi
nce on the a
anourgias, “T
355, 1992. 
ey, and C. J. 
heric Science
ut with speci
d Engineerin
ng dynamic 
015. 
 Cambridge U
lence, vol. 
cts on a win
96, no. 8–9, p
h angles-of-a
nference 
pril 2016 
, Turkey 
 
OST 2016 
–n/a, Jun. 
 2003. 
adsen, C. 
, pp. 213–
Design of 
n Rossen, 
, 2002. 
. Berlin, 
urbulence 
10, p. 13. 
gineering 
orol., vol. 
 941–990, 
 363–383, 
odeling,” 
stayer, M. 
he surface 
T-Action 
e wind in 
above the 
d Energy 
d energy 
on wind 
fied from 
lternating 
urbulence 
Readings, 
s, vol. 33, 
al respect 
g, Wiley. 
stall of a 
niversity 
2. Berlin, 
d turbine 
p. 1320–
ttack,” in 
 T
[38] J.
p
[39] C
su
[40] J.
S
[41] V
la
w
[42] E
st
[43] M
8
[44] K
A
[45] K
R
[46] S
T
[47] P
[48] X
b
[49] R
P
[50] P
h
[51] A
au
[52] S
u
[53] W
v
[54] L
in
E
[55] C
S
[56] F
L
[57] M
u
[58] H
c
[59] D
fa
[60] N
d
8
[61] N
m
[62] J.
n
[63] Y
E
[64] M
w
2
 
 
ORQUE 2010
 L. Tangler, “
p. 247–260, 2
. Sicot, S. Au
bjected to fre
 D. Sørensen
afe and Relia
. Maldonado,
rge integral 
ind turbine b
. E. Essel an
ep,” Flow, Tu
. Kiya and K
3, Apr. 1985. 
. Sasaki and
erodyn., vol. 
. Sasaki and
eattachment F
. M. Hoffma
urbulent Boun
. J. McKeoug
. Amandolès
lade oscillatin
. F. Huang an
erformance,” 
. Devinant, T
igh turbulenc
. Gross, H. 
gmentation f
. Guntur, N. N
nder rotationa
. D. Lubitz, 
ol. 61, pp. 69–
. Gilling, N. 
flow,” in 47t
xposition, 200
. C. Banioto
tructures. Wie
. Porté-Agel, 
ayer,” Proced
. R. Luhur, J
nder turbulen
. S. Kang, S
omparisons w
. Mehta, A. H
rm aerodynam
. Karthikeyan
evelopments 
01–822, 2015
. N. Sørensen
odel,” Wind E
 N. Sørensen 
o. 2, p. 393, 2
.-T. Wu and F
nergies, vol. 
. O. L. Hans
ind turbine a
006. 
: The Science
Insight into w
004. 
brun, S. Loy
estream turbu
 and J. N. Sør
ble Operation
 L. Castillo, 
scale on the 
lade,” J. Wind
d M. F. Tachi
rbul. Combus
. Sasaki, “Str
 M. Kiya, “F
14, no. 1–3, p
 M. Kiya, “E
low,” Bull. J
n, J. A., Ka
dary Layers 
h, “Effects of 
e and E. Széc
g in stall,” W
d H. W. Lee, 
J. Aircr., vol.
. Laverne, an
e,” J. Wind En
F. Fasel, T
or S822 wind
. Sørensen, S
lly augmente
“Impact of am
73, 2014. 
N. Sørensen
h AIAA Aero
9, pp. 1–13. 
poulos and T
n: Springer-V
H. Lu, and Y. 
ia IUTAM, vo
. Peinke, J. Sc
t wind inflow
. Chester, and
ith large-eddy
. van Zuijlen
ics: A review
, K. Kalidas
on small hori
. 
, “CFD mod
nergy, vol. 1
and W. Z. Sh
002. 
. Porté-Agel,
5, no. 12, pp. 
en, J. N. Sør
erodynamics
 of Making T
ind turbine st
er, and P. Dev
lence level u
ensen, Eds., 
. Cambridge,
A. Thormann
aerodynamic 
 Eng. Ind. Ae
e, “Roughnes
t., vol. 94, pp
ucture of a tu
ree-stream tu
p. 375–386, 1
ffect of Free
SME, vol. 28,
ssir, S. M., 
with Mild Ad
turbulence on
hényi, “Expe
ind Energy, v
“Effects of F
36, no. 6, pp.
d J. Hureau, 
g. Ind. Aerod
. Friederich, 
 turbine airfo
. Schreck, an
d flow fields,”
bient turbule
, and L. Dav
space Science
. Stathopoulo
erlag, 2007.
Wu, “Interact
l. 10, no. 0, p
hneemann, a
 conditions,” 
 C. Menevea
 simulation,”
, B. Koren, J
,” J. Wind En
a Murugavel,
zontal axis w
elling of lami
2, no. April, p
en, “Numeric
 “Atmospheri
5340–5362, 2
ensen, S. Vou
 and aeroelas
 1st In
14                
orque from W
all and post-s
inant, “Unst
p to 16%,” Ex
Wind Energy 
 UK: Woodhe
, and C. Men
performance 
rodyn., vol. 1
s effects on 
. 125–153, 20
rbulent separ
rbulence eff
983. 
-Stream Turb
 no. 238, pp. 
and Larwood
verse Pressur
 aerofoils at h
rimental stud
ol. 7, no. 4, pp
reestream Tur
 965–972, No
“Experiment
yn., vol. 90, n
and M. J. 
il,” Wind Ene
d L. Bergami
 Wind Energy
nce on perfo
idson, “Deta
 Meeting Inc
s, Wind Effe
ion between 
p. 307–318, 2
nd M. Wächt
Wind Energy,
u, “Decaying
 J. Fluid Mec
. G. Holierho
g. Ind. Aerod
 S. Arun Kum
ind turbine b
nar-turbulent
p. 715–733, 
al Modeling 
c Turbulence
012. 
tsinas, N. N. 
ticity,” Prog.
ternational T
                     
ind, 2010, no
tall aerodyna
eady characte
p. Fluids, vo
Systems. Opt
ad Publishing
eveau, “The 
of an experi
42, pp. 246–2
turbulent flow
15. 
ation bubble,
ects on a sep
ulence on Tu
610–616, 198
, “The Influ
e Gradients,” 
igh incidence
y of the effe
. 267–282, 2
bulence on W
v. 1999. 
al study of w
o. 6, pp. 689–
Kloker, “Nu
rgy, vol. 15, n
, “Modeling d
, vol. 19, no.
rmance of a s
ched eddy si
luding The N
cts on Build
Large Wind F
014. 
er, “Stochastic
 vol. 18, no. 2
 turbulence i
h., vol. 480, p
ek, and H. B
yn., vol. 133,
ar, and S. R
lade,” Renew
 transition for
2009. 
of Wind Turb
Effects on W
Sørensen, an
 Aerosp. Sci.
U1304 WIN
                     
. 1, pp. 71–78
mics,” Wind E
ristics of the 
l. 41, no. 4, pp
imising Desig
 Limited, 201
role of free 
mental low R
57, 2015. 
 downstream
” J. Fluid Me
aration bubb
rbulent Prop
5. 
ence of Free
1989. 
,” University
ct of turbulen
004. 
ing-Surface F
ind-turbine a
707, 2002. 
merical inve
o. 8, pp. 983–
ynamic stall 
 3, pp. 383–39
mall wind tu
mulations of 
ew Horizons 
ings and De
arms and the 
 modeling of
, pp. 317–337
n an active-g
p. 129–160, 2
ijl, “Large Ed
 pp. 1–17, 20
ajakumar, “R
. Sustain. En
 airfoils and 
ine Wakes,” J
ind-Turbine W
d H. A. Mads
, vol. 42, no
ERCOST Co
21-22 A
Ankara
     WINERC
. 
nergy, vol. 7
static stall of
. 641–648, 2
n and Constr
1. 
stream turbul
eynolds num
 of a backw
ch., vol. 137,
le,” J. Wind 
erties of a S
stream Turbu
 of London, 1
ce on a secti
low and Aer
irfoil aerody
stigation of 
1007, 2012. 
on wind turb
7, Mar. 2016
rbine,” Renew
an airfoil in
Forum and A
sign of Wind
Atmospheric 
 lift and drag
, Feb. 2015. 
rid-generated
003. 
dy Simulatio
14. 
eview of aer
ergy Rev., vo
rotors using t
. Fluids Eng.
akes: An LE
en, “State of
. 4, pp. 285–
nference 
pril 2016 
, Turkey 
 
OST 2016 
, no. May, 
 an airfoil 
006. 
uction for 
ence with 
ber S809 
ard facing 
 no. -1, p. 
Eng. Ind. 
eparation-
lence on 
976. 
on model 
odynamic 
namics in 
rotational 
ine blades 
. 
. Energy, 
 turbulent 
erospace 
-Sensitive 
Boundary 
dynamics 
 flow and 
n of wind 
odynamic 
l. 42, pp. 
he γ- Rẽθ 
, vol. 124, 
S Study,” 
 the art in 
330, Jun. 
